Abstract: Low-input cropping systems were introduced in Western Europe to reduce the environmental impacts of intensive farming, but some of their benefits are offset by lower yields. In this paper, we review studies that used Life Cycle Assessment (LCA) to investigate the effects of reducing external inputs on the eco-efficiency of cropping systems, measured as the ratio of production to environmental impacts. We also review various cropping system interventions that can improve this ratio. Depending on the initial situation and the impacts considered, reducing inputs will in itself either reduce or increase environmental impacts per product unit-highly eco-efficient cropping systems require application of optimum instead of minimum quantities of external inputs. These optimum rates can be lowered by utilizing positive synergies between crops to minimise waste of nutrients and water and by utilizing locally produced organic waste; both from within the farm as well as well as from the surrounding sociotechnical environment. Eco-efficiency can also be improved by increasing yields in a sustainable matter. Strategies such as breeding, increasing diversity, no-tillage or intercropping will not be effective under all conditions. LCA provides a useful framework to identify environmentally optimum levels of inputs and trade-offs between various intensification scenarios.
Introduction
Following World War II, the Common Agricultural Policy and a number of national policies were introduced in Europe with the aim of increasing food security. This goal has been achieved with remarkable success in the western part of the continent, where it has been paired with rapid economic growth. Today, Western Europe is one of the world's most agriculturally productive regions, whose mean wheat yield between 1990 and 2011 was 2.5 times higher than the global average, and almost 3 times higher than Eastern Europe's [1] . During the second half of the 20th century, agricultural developments in Western Europe significantly increased land productivity whilst reducing agricultural labor requirements [2] . These productivity gains, however, were achieved at some external cost. It is well recognized that agricultural intensification was coupled with the increased use of synthetic fertilizers, pesticides and irrigation water, and that this created a number of sustainability challenges [3, 4] . Concerns over the nutrient pollution and loss of ecosystem services caused by intensive production resulted in a renewed interest in, and public support for, more-extensive modes of production.
The term -low-input farming‖ has been in use since the 1980s to describe farming systems aiming to minimise the consumption of farm-external inputs and maximize the use of internal resources, mainly understood as fertilizers, pesticides and energy [5] [6] [7] [8] . Although some low-input producers also possess organic certificates, the terms -organic farming‖ and -low-input farming‖ should not be used interchangeably. The term low-input is not limited to farms that apply only organic nutrients. Organic farms, on the other hand, may have relatively high yields, but these may be coupled with high application levels of organic fertilizers and other permitted inputs that enable the plant environment to be regulated. By contrast, yields at low-input farms are limited by the availability of nutrients, water and an increased risk of losses from pest and diseases. Farmers following low-input methods often cultivate rare varieties of crops, including wild crop relatives and landraces, or develop their own cultivars. Although losses from pests and diseases can be partially offset by crops and varieties that have higher resistance [9] , overall yield is expected to be lower because of the lower absolute yield potential [7] . Despite lower yields, it has been demonstrated that switching to low-input farming systems in Western Europe allow farmers to maintain their income due to reduced costs of inputs [9, 10] . The European Environment Agency defines low-input farms as those spending less than €80 ha −1 a −1 on fertilizers, crop protection and concentrated feedstuffs [11] . It has been estimated, that the share of such farms within the total agricultural area of the EU-12 increased from 26% to 28% between 1990 and 2010 [11] . The cropping system is defined as a piece of land that is managed homogeneously for crop production, i.e., with the same crops, in the same rotation and using the same technical means [12] . The term -eco-efficiency‖ was originally used to describe the production of -competitively priced goods and services that satisfy human needs and bring quality of life while progressively reducing environmental impacts and resource intensity throughout the entire life-cycle to a level at least in line with the Earth's estimated carrying capacity‖ [13] . This concept appears to be highly relevant for modern agriculture, which is facing many sustainability challenges. Recent food-commodity price spikes brought productivity issues back to the top of political and research agendas. Sustainable Intensification (SI) became one of the strategic goals of the FAO and a number of other organizations [14] [15] [16] which called for an increase in global food production on existing agricultural land with a simultaneous reduction of its impacts on the environment [16] [17] [18] . The term -intensification‖ emphasizes the necessity of achieving productivity increases, but global SI does not mean that yields must be increased in all regions [19] . Western Europe is one of the few areas in the world where maintaining or slightly reducing levels of production would probably not compromise long-term food security goals, but intensive agricultural systems have already caused significant damage to the environment. In this part of the world, it is therefore reasonable to pursue improvements in eco-efficiency rather than sole yield increases.
Eco-efficiency can be expressed in quantitative terms as an economic value divided by an environmental impact [20] . In this study, we looked at the changes in product quantity, assuming that the rate of change in product quantity at a constant price will correspond to the rate of change in monetary value. At present, Life Cycle Assessment (LCA) is the most standardized and widely applied method allowing for quantifying of environmental impacts of products, services and activities throughout their life cycles [21] . LCA can be applied to evaluate cropping systems by using the ratio of quantitative environmental indicators to productive functional units, thereby allowing the systematic comparison of eco-efficiency between systems. LCA is widely applied in the agri-food sector [22] . One of the most common uses of this method has been the comparison of environmental impacts at farm scale between organic and conventional farming systems, as illustrated in a recent meta-analysis dedicated to this subject [23] . To date, far less research has been devoted to the evaluation of cropping systems with different levels of external inputs, and to identifying practical solutions for their improvement.
The objectives of this paper are twofold:
(1) to review the evidence from Life Cycle Assessment (LCA) regarding the effect of reducing agricultural inputs on eco-efficiency; and (2) to identify interventions for improving eco-efficiency of low-input cropping systems.
Methodology
Goal and scope definition is the first step of all LCA studies [24] , since it determines the assumptions and methodological choices. For the purpose of achieving the first objective of this review, we selected studies from the LCA literature that were solely dedicated to comparing cropping systems at different fertilization levels. Since LCA studies are spatially explicit [25] , we included only those with the study subject located in Western Europe. In Haas et al.'s study, we excluded the impact categories of biodiversity, landscape image and animal husbandry, since these were expressed per farm, and were therefore not related to any uniform functional unit that would allow us to scale up or generalize the results. We also excluded results for the impact categories of groundwater quality and surface-water quality, as they were calculated as a function of nutrient use, and hence provided no additional information for this paper to the impact category -eutrophication‖. Due to the differing approaches that were used across studies to characterize land-use impacts, we used the impact category -land occupation‖ to ensure comparability. Defined as the surface area of agricultural land that must be occupied for one year to deliver the given functional unit, land occupation was calculated based on yield. To better illustrate the relationship between external input levels and eco-efficiency, we compiled LCA results for bread-wheat production from two independent studies [26, 27] in graphic form. To allow comparability, original eutrophication units from Nemecek et al. [27] which were nitrogen equivalents were converted to phosphorus equivalents using conversion factors from Hauschild and Wenzel [28] . We also employed Agri-LCI models from Cranfield University [29, 30] to estimate the environmental impacts of wheat production in the UK at fertilization levels corresponding to those of Brentrup et al. [26] , and included these results for comparison. The list of potential strategies for improving eco-efficiency was compiled from review articles on sustainable intensification [14, 16, [31] [32] [33] [34] [35] [36] [37] [38] , and those for which LCA studies could be found were included in the review. Based on previous knowledge, we supplemented the list with nutrient-recycling technologies. It is worth mentioning that the list of techniques reviewed in this article is merely exemplary, and other, more effective techniques may exist. We used Agri-LCI models to simulate the consequences of reduction in tillage. For simplicity's sake, we limited the comparison to one impact category (-net greenhouse-gas balance‖) while discussing the environmental impacts of various feedstocks for anaerobic digestion. The article also discussed the impacts on other impact categories, and the full list of absolute numbers can be found in the original studies. In the final part of the article, we addressed some limitations of LCA methodology for assessing the performance of low-input systems. Table S1 gives an overview of LCA studies from Western Europe on cropping systems with different levels of external inputs. Haas et al.'s study [39] showed a reduction in all environmental impacts except for land occupation per tonne of harvested grass when external input levels were reduced. However, the relative differences in mean yield in the study were comparatively low: 11.8 t ha −1 in the intensive, 10.5 t ha −1 in the extensified and 10.7 t ha −1 in the organic system. Although it is known that mineral fertilizers were used in the intensive and not in the extensified and organic systems, the rates of application of organic fertilizers were not reported. Brentrup et al.'s study [26] was based on a long-term field trial from the Rothamsted research station in the UK. Environmental impacts at seven different nitrogen (N) fertilization levels were investigated, from 0 to 288 kg N ha −1 , with other inputs kept at constant rates. Environmental impacts per tonne of wheat were shown to decrease proportionally with decreasing levels of N for two of the analyzed impact categories: -Global Warming Potential‖ and -Eutrophication Potential‖. Despite this, energy use and acidification were shown to decrease and increase again when levels of N were too low. At a very high fertilization level, land occupation could be reduced by reducing N, but was generally observed to be increasing together with reduced inputs due to reduced yields. Charles et al. [40] performed a similar study in Switzerland in which four fertilization treatments for wheat were analyzed: 100 kg N ha , and 220 kg N ha −1 , with P and K adjusted proportionally to nitrogen levels. All impact categories except for land occupation, eutrophication and aquatic ecotoxicity were shown to decrease per tonne of wheat grain when N was reduced. However, when 1 t of wheat with constant protein content was used as a functional unit, nearly all environmental impacts increased along with a reduction in N, owing to the positive relationship between N fertilization and protein content of grains. Nemecek et al. [27] showed that all impact categories except for land occupation were reduced or unaffected in a cash-crop rotation and a feed-crop rotation. In the grassland systems investigated, however, energy use, acidification, eutrophication, aquatic ecotoxicity, terrestrial ecotoxicity and human toxicity all increased along with a reduction in fertilization, and decreased again at very low levels of fertilization, while for ozone formation and GWP the opposite result was found-the highest environmental impacts were at the highest and lowest fertilization levels. Modeled cropping systems for winter wheat and barley showed increases per product unit for nearly all impact categories considered, except for those related to toxicity, and-in the case of rapeseed-ozone formation. When -Swiss Franc of revenue‖ was used as a functional unit, the result was more favorable for low-input production, partially owing to the direct payments for this type of cultivation in Switzerland. Glendining et al. [41] coupled LCA models from Williams et al. [29] with the economic valuation of ecosystem services. The starting point of the analysis was current levels of intensity in the UK, and several scenarios for nationwide reductions in inputs to wheat production were examined. The study showed that environmental damage to ecosystem services will increase for all products analyzed if farmers in the UK reduce input levels. This was owed to increasing land requirements, and agricultural land use was assigned a high environmental cost due to the potential damage caused to natural ecosystems. Goglio [42] investigated cropping systems for first-generation bioenergy production with different levels of external inputs in Italy, showing that environmental impacts per MJ of energy produced can be lowest at low levels of external inputs. Figure 1 illustrates the correlations between nitrogen application to bread wheat and environmental impacts per tonne of harvested grain across different studies. It is worth mentioning that wheat has a strong response to N fertilization, and results for less demanding crops would probably be more favorable for low-input production. The results from both Williams et al. [29] and Brentrup et al. [26] reveal an optimum point for energy use at the moderate application rates, between 100 and 200 kg, although there is a difference of a factor of 2 between the absolute values. Both studies show that reducing or increasing nitrogen below or above an optimum level will cause reductions in eco-efficiency. Nemecek et al.'s study [27] revealed a reduction in energy demand with increased fertilization rates, although the absolute levels of applied nitrogen remained below 200 kg N ha −1 . There is an obvious difference between organic and mineral fertilization, with the latter being characterized by higher energy demand. Brentrup et al.'s study [26] revealed a close-to-linear relationship between increased nitrogen levels and GWP, while in Williams et al. [29] this value remains constant at lower levels, followed by a rapid increase at higher levels of fertilization. Large differences between studies at lower fertilization levels are presumably due to differences in modeling assumptions for greenhouse-gas emissions from unfertilized soils. Although more dispersed, Nemecek et al.'s results [27] generally show increases along with increased fertilization. In both Williams et al. [29] and Brentrup et al. [26] , eutrophication potential appears to remain steady or decrease slightly at lower fertilization rates, then increase at higher rates above 200 kg N per ha. 
Environmental Impacts of Low-Input Cropping Systems

How Can the Eco-Efficiency of Low-Input Cropping Systems Be Improved?
As demonstrated in the previous paragraph, when input levels are too low, improvements in eco-efficiency can be achieved by increasing them to the optimum level. The mean N fertilization rate for arable crops in Western Europe between 2002 and 2010 was 123 kg N ha −1 [1]. Taking wheat production as an example (Figure 1 ), this appears to be within or even slightly below the optimum levels for eco-efficiency. This could lead to the conclusions that current fertilizer application levels are optimal, and that further reductions in inputs would generally increase the level of damage to ecosystem services [41] . Viewing eco-efficiency as a function of input levels is a simplification, however, since inputs to the production process can also be substituted. Since such a substitution will influence eco-efficiency, it is possible to manipulate this value by switching between different types of inputs instead of increasing them. Changing the crop from wheat to something less dependent on nitrogen fertilization provides more output from the same rate of natural resources invested, thereby increasing eco-efficiency. Since reducing inputs almost always leads to higher land use per product unit, low-input systems are characterized by generally lower land use efficiency (Table S1 ). Any solution that creates a higher increase in yield than in the environmental impacts per area will therefore also result in eco-efficiency improvements. Literature on sustainable intensification provides examples of various cropping-system interventions that increase yields in a more sustainable manner than increasing fertilizers and pesticides [14, 33] . Examples include breeding, conservation agriculture, species diversification, integrated pest and nutrient management systems, agroforestry, precision agriculture, reintegration of crop and livestock production, or mixing of cultivars and species. There is, however, limited empirical evidence as to whether and under what conditions these strategies can improve the eco-efficiency.
Reduced Tillage, Conservation Tillage and No-Till Farming
Crop-production technologies that reduce tillage and leave at least 30% of crop residues on the soil surface are referred to as conservation tillage [43] . Reduction in tillage is an essential component of a wider set of practices known as Conservation Agriculture (CA) [44] . A more specific system of sowing crops with less than 5 cm of disturbance to the soil structure and in which 30%-100% of the soil surface is covered with plant residues is known as no-till, direct drilling or zero tillage [45] . In the past, the adoption of no-till farming was believed to sequester atmospheric carbon and mitigate climate change [46, 47] . Numerous LCA studies have been conducted that incorporate these effects into the greenhouse gas balance, mainly in the context of biofuel production [48] [49] [50] [51] . Recently, however, these assumptions have been called into question, since no differences in carbon pool between the soil under no-till and conventional cultivation can systematically be observed when the entire soil profile is measured [52, 53] . Table S2 reviews the results of LCA studies on the effects of no-tillage cultivation without assuming carbon sequestration benefits. Based on the results of a field experiment conducted in Switzerland, Nemecek et al. [27] showed that introducing no-till practices can reduce some environmental impacts such as human toxicity, but also increase others, like terrestrial ecotoxicity due to the necessity for the application of pesticides, and in addition may have no effect on eutrophication and GWP per product unit. The yield in the cropping-system experiment increased by 4% over that of conventional tillage, but this may be partially owing to the increase in N and P fertilization. Williams et al.'s model [29] assumes a need to increase various pesticides by 18% in order to maintain the same yield levels when adopting reduced-tillage practices. Modeling the switch from conventional to reduced-tillage practices reveals slight increases in the environmental impacts considered. In Iriarte et al.'s study [54] on rapeseed production in Chile, no-till practices reduced ozone formation potential by 40%, but increased aquatic ecotoxicity by 650% due to the application of glyphosate. Studies conducted by Tuomisto [55] and van der Werf [56] revealed slight reductions in the environmental impacts.
All LCA studies considered here assumed no decrease in yields after the application of no-tillage systems. The adoption of these techniques could therefore be of interest to farmers, as they enable savings in diesel and labor associated with soil preparation. It should be borne in mind, however, that yields can also decline substantially following the adoption of no-tillage methods, especially when weed control by herbicides is not sufficient. Soane et al. [45] performed a meta-analysis of experiments conducted in Europe, in which yields from no-till and plough-based farming were compared. Their findings indicate that whilst the adoption of no-tillage in conventional agriculture can increase yields in dry regions of south-western Europe, no-till would most likely cause reductions in yield in northern Europe, with its higher annual rainfall. The key benefit of no-tillage is improved water retention of the soil. The adoption of this technique, however, requires effective weed control, which is a limiting factor for most European low-input farmers.
Legumes and Crop Rotations
Crop rotation can potentially improve yields in low-input cropping systems without increasing environmental burdens. This is mainly due to two effects: (i) the elimination or reduction of crop-specific pathogens (phytosanitary effects) or weeds; and (ii) Symbiotic or Biological Nitrogen Fixation (SNF/BNF) by leguminous crops. Some legumes can also improve phosphorus availability for the plants following them in the rotation [57] [58] [59] , whilst others, such as alfalfa (Medicago sativa) can improve water uptake from the subsoil for the subsequent crops [60] . None of these mechanisms requires the investment of additional non-renewable resources, nor do any of them cause substantial emissions to the environment. Several LCA studies evaluated the effects of introducing legumes into cropping systems (Table S3) . Nemecek et al. [61] quantified the effects of introducing peas into several crop rotations across Europe. Experiments in Germany and France showed a reduction in environmental impacts for most of the impact categories considered, due to the replacement of nitrogen fertilizers. The gross margin was also higher with grain legumes, despite the slightly lower grain yield which made these reductions even greater when quantified per financial functional unit. By contrast, the Swiss experiment showed an increase in GWP, eutrophication potential, terrestrial ecotoxicity, human toxicity, and land use per unit of harvested dry matter. This was because of the combined effect of lower physical yield from introduced crops and increased nitrate leaching. Nevertheless, most of the impact categories showed net reductions when quantified per unit of gross margin, owing to the higher financial yield. In a cropping system used in Spain, grain legumes were introduced into low-input crop rotation with sunflower. This led to increases in most of the environmental impacts considered, since no mineral fertilizer was replaced in the process. In one of the modeled scenarios, Tuomisto et al. [55] demonstrated that replacing all mineral fertilizer by leys in conventional crop rotation in the UK would reduce energy demand by 40% and GWP by 26%, despite the reduction in absolute grain yield.
As previously mentioned, the ability of leguminous crops to fix nitrogen is not the only benefit of growing crops in rotation. Numerous experiments have shown that soybean yields are increased when this crop is grown in rotation with non-leguminous crops [62] [63] [64] [65] [66] . Changing from soybean to another crop breaks the lifecycle of soybean cyst nematodes (SCN's). Crop rotation was also shown to suppress -take-all‖, a major disease of wheat caused by the pathogen Gaeumannomyces graminis var tritici [67] and responsible for losses in temperate climates. Some wheat pathogens such as Rhizoctonia solani, however, have a wide host range [68] , and not all other crops will be effective in suppressing them. There are also pathogens such as Bipolaris sorokiniana that require several years without the host plant to be effective [67] .
Intercropping
The practice of growing multiple crops in space at the same time is known as intercropping [69, 70] . The hypothesis is that when grown together, certain plant species use resources complementarily and more efficiently despite the competition. This efficiency can be measured by the Land Equivalent Ratio (LER) indicator, which is defined as the relative area needed to achieve the same yield as in intercropping when growing two crops separately under the same conditions. The LER value over 1 suggests that there is a benefit from mixing. The intercropping of cereals with legumes is the most common combination in Europe, with legumes being sown at the same time or just before cereals. Numerous field experiments have confirmed the positive effects of such interactions [71] [72] [73] [74] [75] . According to Andersen et al. [76] , intercropping peas with canola (rapeseed) produces greater productivity gains than for most common barley/pea mixtures.
Silvoarable agroforestry systems present another form of intercropping, where strips of widely spaced trees are incorporated into arable land [77] . In the past, this type of farming was widely practiced in Europe, with trees diversifying the farmer's income with fruits, fodder and wood, preventing wind and water erosion, and providing shade for farm workers and livestock [78] . The most common silvoarable cropping systems in Europe are arable crops grown together with poplars (Populus sp.) or willows (Salix sp.) for biomass production [79, 80] . These systems were shown to provide better land-use efficiency ratios than cereals or trees grown as the sole crops. An important limitation of agroforestry systems of particular relevance to low-input farming is the risk of negative nutrient balance. Poplars and willows produce a great deal of biomass, which is then exported from the system together with all the embodied nutrients. The problem of nitrogen abundance may be addressed by cultivating leguminous trees, also referred to as Nitrogen Fixing Trees (NFT's) [81] . Research on NFT's in agroforestry has mostly been conducted in humid/sub-humid or arid/semi-arid areas [82] . In Africa, trees such as Gliricidia, Sesbania and Tephrosia have been successfully used to improve maize yields by bringing in nitrogen [83, 84] . Used to restore degraded land, the black locust tree Robinia pseudoacacia L. has proven to grow well in Europe on contaminated post-mining sites, outperforming the most popular poplars and willows in terms of biomass production [85, 86] . Although NFT's could be effective in nitrogen-deficient cropping systems, they will not solve the problem of phosphorus and potassium deficiencies.
Although not a form of intercropping per se, cultivar mixtures are another way to improve land-use efficiency by growing a variety of plants in the same space. Mixed cultivars of crops can provide higher yields than pure stands, as was confirmed in a meta-analysis by Kiaer et al. [87] . As with crop rotation, however, mixing will not always yield positive results. The meta-analysis shows the range of effects between −30% to +100%, depending on the growing period and the species mixed. Functionally chosen cultivar mixtures can be used to control common diseases such as powdery mildews and rusts [88] , but special care must be taken to choose the right varieties and sowing densities.
To date, the applications of LCA to intercropping systems are rare. Table S4 shows the results of a one-year experiment with wheat and pea intercropping in France [89] . Growing the two crops together produced reductions in environmental impacts per tonne of wheat ranging from 15% in the case of eutrophication to 60% for GWP, despite the increased energy requirements for grain separation. One interesting result was the greater reduction under the -zero nitrogen fertilization‖ conditions, presumably due to the greater effectiveness of biological nitrogen fixation. The study, however, was based on a one-year experiment, and crop yield under zero-fertilization conditions would most likely decrease over time, offsetting the environmental improvement.
Breeding
Production can be increased in a cropping system by switching from a cultivar with a poor performance to a better-adapted one. Plants with improved genotypes may be more resistant to pathogens and environmental stresses, or make more efficient use of nutrients and water. Environmental improvements in breeding are highly dependent on breeding targets, however. Table S5 shows the results of studies simulating the effects of different breeding strategies on the results of Life Cycle Assessment. Williams et al. suggested that the increased protein content of wheat would reduce post-harvest waste owing to the higher overall quality of the wheat, but would also require additional N input per tonne, which reduces most environmental benefits [29] . A 20% improvement in yield was shown to be a more effective breeding target, reducing all of the impact categories considered. Tuomisto et al. [55] investigated yield-improvement scenarios of 44% and 65%, due to breeding, and showed that these can reduce GWP and energy use by 31%-48%. Mcdevitt et al. [90] examined a range of breeding targets in order to identify which would be the most effective in reducing the environmental impacts of porridge-oat production. Improvement of physical yield was shown to be the most effective for reducing many impact categories, followed by reductions in cooking energy (which can be achieved by altering crop viscosity and water absorption) and nitrogen requirement. Breeding for resistance affected toxicity-related impact categories. The study, however, only took into account constant improvements in all properties (10% yield, 10% less herbicide needed, etc.). In practice some of these targets would be more difficult to achieve than others, whilst some could be achieved simultaneously. In addition, there are positive feedback mechanisms between a number of breeding targets and other strategies for sustainable intensification-for example, more-resistant cultivars in low-input systems would bring about improved yields, and might enable the adoption of more-resource-efficient techniques such as no-tillage.
Although the importance of breeding for sustainable intensification is well recognised [14] [15] [16] , just which varieties should be used in low-input farming systems with their increased stress levels is the subject of debate. Since modern cultivars were selected under the rich supply of inputs-mineral fertilizers, pesticides and irrigation water-some scientists argue that these might not be optimal for low-input systems. This is supported by the argument that the traits of particular importance in stressful environments-disease resistance and nitrogen, phosphorus and water-use efficiencies-can be overlooked during the conventional breeding process under high-input conditions, where most limiting factors are eliminated [91] [92] [93] [94] . Others question this hypothesis, claiming that varieties developed under optimal growing conditions will also most likely be the best performers in stressed environments [95, 96] , so that special selection under conditions of reduced fertilization is unnecessary. To provide an answer to this question, a number of special breeding programmes have recently been launched for organic and low-input agriculture. Using modern breeding techniques such as marker-assisted selection, useful traits can be introduced into modern cultivars from old varieties, from similar species, or-with the use of genetic engineering-from a wide range of other organisms, including non-plants. Currently, glyphosate resistance is the most widespread trait introduced by genetic engineering. These varieties are of no use under low-input conditions, where pesticides are absent. However, insect-resistant crops-developed by engineering the protein of Bacillus thuringiensis bacteria into plants-were shown to improve yields and potentially provide environmental benefits by reducing the need for insecticides [97] [98] [99] . Since increased pest pressure is one of the key limiting factors in low-input farming systems, these crops could potentially be of interest.
Recycling Biomass
Nutrients in plant residues, manures and other organic materials can be recycled either via direct incorporation into the soil, or via the composting process and the application of decomposed organic matter onto fields. European low-input farmers frequently produce and apply composts made of on-farm materials, such as woodchips, bark, manure, straw, crop residues and surplus grass [100] . The application of nitrogen in the form of manure or compost will be characterized by lower energy use per kg of N applied than mineral fertilizer, but sometimes higher eutrophication and acidification due to the higher risk of ammonia leaching [23] . Although on-farm composts can be very effective in supplying nutrients, improving soil quality and increasing yields [101] , they have their limitations. Soluble nutrient content may be relatively low, depending on substrate composition, composting techniques chosen, and the length of the composting process. During decomposition there will also be some nutrient leaching, as well as emissions of nitrous oxide and methane, both of which are potent greenhouse gases. Instead of being directly incorporated or composted, harvest residues and manures can be used as a feedstock for biogas production, with the remaining digestate spread onto the fields as a fertilizer. The fertilizing value of digestate is dependent upon the feedstock used, but the digestate is generally characterized by higher ammonia content, higher pH and lower C:N ratio than the substrate [102] . Table S6 provides a review of LCA studies concerning the agricultural use of spent digestate. Anaerobic digestion technology has primarily been researched as an option for managing organic waste or producing energy, as is clearly reflected in the choice of functional units for these studies (Table S6) . Kong et al. [103] compared four organic-waste-treatment scenarios with LCA in California. All systems analyzed provided negative emission balances, and AD was shown to result in a greater reduction of greenhouse-gas emissions than composting, but a lower reduction than landfill with gas collection. Demonstrated reductions were due to the replacement of energy from fossil fuels, but also to assumed carbon-sequestration effects from applying organic nutrients to soils, for which solid evidence is currently lacking [104] . By contrast, no account was taken of potentially avoided emissions owing to the replacement of other fertilizers, or emissions arising from other uses of organic waste. Poeschl et al. [105] compared the environmental impacts of various AD feedstocks in Germany. In their study, credits were given for replacing electricity from fossil fuels, as well as for replacing mineral fertilizers that would otherwise be applied to the fields. Negative greenhouse-gas emission balances were found for all options except grass silage and whole wheat-plant silage, and considerable differences in achievable reductions were spotted between different feedstocks. Despite the need for sterilization, substrates produced from industry waste were shown to be the most effective in reducing greenhouse-gas emissions, followed by straw, corn silage and cattle manure. Corn silage, however, has been shown to cause major land-use-related impacts, since the crop is cultivated purely for bioenergy production [105] . Lansche and Müller [106] pointed out that using cattle manure for anaerobic digestion prevents emissions from the on-farm storage of manure. However, fertilizers are not replaced as in the case of corn or grass silage, since the nutrients from the manure would in any case be applied to the fields. Under such assumptions, cattle manure was still shown to provide the highest reduction in GHG emissions, owing to the avoidance of storage emissions. The study also showed that unlike corn or grass silage, pure cattle manure provides negative eutrophication and acidification balances [106] . Tuomisto et al. [55] investigated the effect of switching from mineral fertilizers to the application of spent digestate from food waste as one of the scenarios for wheat-crop rotation in the UK. Yielding a 54% reduction in energy demand and a 64% reduction in GWP per tonne of harvested wheat, this option was the most effective in reducing environmental impacts out of all investigated scenarios.
Composts and digestates made from waste produced outside the farm can be beneficial (Tables S6  and S7 ), but entail additional environmental costs arising from their transport. Poeschl et al. [105] calculated transport distances that would reverse the demonstrated positive impacts of anaerobic digestion, showing that maximum transport distances must not exceed 64 km for cattle manure, 53 km for corn silage and 229 km for municipal solid waste (MSW) feedstock. Although such results should not be upscaled directly, they illustrate the importance of bearing in mind transport distances when opting for off-farm waste, including cattle manure, as an environmentally preferable nutrient source.
Organic matter can also be recycled through the process of pyrolysis and the creation of organic material referred to as -biochar‖. Pyrolysis is a form of decomposition occurring at ideally zero-or low oxygen levels and high temperatures [107] . Like anaerobic digestion, this technique can be used to turn biomass into energy. Biochar can also be made from various types of organic material, including sewage sludge and food waste [108] , and has been shown to provide liming effects, improved retention and reduced nutrient leaching [109, 110] . Depending on the substrate, it can also be a rich source of soluble nutrients [111] . The main reason for the recent scientific interest in biochar was its carbon sequestration potential. It has been suggested that pyrolysis can potentially preserve more carbon than burning and natural decomposition in a more stable form and therefore mitigate climate change [112] . Using LCA, the use of biochar in agriculture was compared to different waste-management strategies, with the results suggesting high benefits to the environment from the application of this technique as compared to more conventional approaches, owing to the displacement of electricity from fossil fuels and the assumed carbon storage [113, 114] . Carbon sequestration benefits have not yet been confirmed in any long-term experiments, however. More evidence is therefore needed before such assumptions on carbon sequestration can be made in agricultural LCA studies.
Other Benefits of Low-Input Systems
Low-input cropping systems provide a range of public goods and ecosystem services that are not fully quantified in LCA studies. As mentioned previously, some low-input farms act as seed banks, preserving rare cultivars and crop species for future generations. Farmland also has an influence on landscape aesthetics. The important role of low-input systems in the preservation of on-farm biodiversity is well recognized [8] . Although there are attempts to incorporate biodiversity in LCA's as one of the life cycle impact categories [39, 115, 116] , biodiversity effects occurring outside of the farm gate are not taken into consideration. Life Cycle Assessment provides useful framework for analysing environmental impacts that can be directly linked to the physical flows of materials throughout the product supply chain. For example, Global Warming Potential can be characterized by the quantity of greenhouse gases released to the atmosphere, whilst aquatic eutrophication can be directly linked to the physical quantity of nitrate and phosphorus released into waters over the product life cycle. Physical characterization makes results for these impact categories easy to scale up and down according to the system boundary and functional unit considered in the study in question (for example 1 tonne, 1 kilogram or 1 gram of wheat). Biodiversity losses are caused by the transformation of habitats, which is itself linked to changes in landscapes. Such effects are difficult to characterize using physical flows. Hence, despite applying LCA, we must also consider the potential negative consequences for ecosystem services while recommending certain interventions for improving eco-efficiency of low-input systems.
Conclusions
Reducing farm-external inputs may lead to either an improvement or reduction in eco-efficiency, depending on the crop, initial level of inputs, and environmental impacts considered. Since wheat is a nitrogen-demanding crop, its ratio of N fertilization to eco-efficiency presents an illustrative example. For energy use, it tends to follow a U-shaped curve. This means an optimum fertilization level can be identified above and below which the environmental impact per product unit will increase. For GWP, increased environmental impacts will most likely be observed with increased fertilization. At low fertilization levels, however, increased N input leads to relatively low increases in GWP, and relatively high increases in productivity. This relationship changes at higher fertilization levels, where additional N input causes substantial increases in greenhouse-gas emissions. Nutrient-related environmental impacts depend on the type of fertilizer used. Eco-efficiency can be modified by swapping out crops and a number of other changes at the cropping-system design stage. Increasing and reducing external inputs presents only one of the available options.
The main weakness of low-input farming systems is their lower land-use efficiency. Reduced inputs generally lead to reduced physical yields, as expressed in produce mass per area. This does not necessarily equate with a decrease in eco-efficiency, since the overall economic value of outputs can be increased. Nevertheless, the performance of low-input cropping systems can be improved for all impact categories if production per unit of land can be increased without corresponding increases in the environmental impacts. Such -sustainable intensification‖ in a cropping-system level can be achieved through a number of agronomic interventions, but only under certain conditions.
Intercropping, variety mixtures and crop rotations are examples of strategies that utilize positive interactions between diverse plants to improve eco-efficiency. However, the design and maintenance of diverse, eco-efficient cropping systems is a knowledge-intensive endeavor. To ensure complementarity, species and their varieties must to be carefully chosen according to their functionality. The right balance between productivity and resistance needs to be maintained to maximize input-use efficiency. Productivity can also be affected by sowing density and choice of cultivars. Diverse but poorly designed cropping systems will most likely suffer from lower eco-efficiency than simple, homogenous approaches to crop cultivation.
Although eco-efficiency can be improved by using better-adapted cultivars, the effectiveness of this strategy is highly dependent upon the traits that were among the breeding objectives. There is a trade-off between productivity and resistance, but efforts should not be focused on improving just one of these characteristics. In low-input systems, they are both highly relevant to eco-efficiency.
The choice of inputs applied to the cropping system is more important than whether said inputs were produced on-or off-farm, but transport of inputs can also play a role. Eco-efficient cropping systems should strive to recycle nutrients produced on-farm, such as manure and harvest residues, as well as those produced in the surrounding production systems, such as livestock production, households and the food industry. The regional availability of these nutrients will vary and can determine the choice of input. In regions where livestock production is common, manure will be a better option than mineral fertilizer. Conversely, in regions where livestock production is not common, mineral fertilizer may well be a better choice than transporting manure over long distances or introducing animals to provide nutrients. Anaerobic digestion improves the eco-efficiency of nutrient recycling as compared to composting and direct application by eliminating some of the methane and nitrous oxide emissions caused by storing biomass in the open air, and by generating useful electricity and heat.
More research is needed to increase our understanding of the trade-offs between environmental impacts and productivity in low-input cropping systems, and of the strategies for improving the eco-efficiency of these systems. LCA studies on intercropping, silvoarable agroforestry systems and various designs of crop rotations should be conducted to advance the state of knowledge on strategies for improving yields in a sustainable way. More research is needed on the trade-offs between different breeding objectives, as well as on the effects of new seeds on LCA results. Anaerobic digestion deserves more attention from researchers and policymakers in terms of its potential for recycling biomass and improving crop yields, rather than just as an option to utilize organic waste. Biochar appears to be a promising solution, but a long-term experiment is needed to confirm its potential carbon sequestration benefits.
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